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Two consecutive cyclizations of acyclic precursors should
be useful for the preparation of bicyclic systems. Herein
described is a novel type of such transformations consisting of
two different kinds of cyclizations in tandem, starting from the
title unsaturated compounds. The first step is based on the
titanium-mediated cyclization of dienes and enynes reported
earlier by us,1 which is followed by the second ring closure via
the addition of the resulting carbon-titanium bond to an
electron-deficient moiety in the same molecule with concomitant
incorporation of an electrophile(s). The overall outcome of the
reaction is formulated in Scheme 1 ([Ti], a low-valent titanium;
El+, electrophile). The patterns of reactions are, simply
dependent upon the substrates: type I occurs withR,â-olefinic
esters, and type II involves the reactions ofR,â-acetylenic
esters.2,3

Treatment of a mixture of 2-en-7-ynoate2 (1 equiv) with
(η2-propene)TiX2 (X ) Cl or i-PrO) (1), generatedin situ from
Ti(O-i-Pr)3Cl (1.2 equiv) andi-PrMgCl (2.4 equiv) in ether,4

at -78 f -20 °C followed by aqueous workup afforded the
cyclized product5a together with unexpected bicyclic ketone
6aalways in good to excellent combined yields, but in varying
product ratios (5a/6a) from run to run (ca. 6:4-3:7) (Scheme
2). The structure of6a, a product of the type I reaction, was
unambiguously assigned in comparison with an authentic
sample.5 We soon became aware that the poor reproducibility
of the product ratios would arise from the competing reactions
of the titanium intermediate4 generated during the aqueous
workup. Thus, the titanacycle3,6 formed by the titanium-
mediated cyclization of2,1 underwent the fast and selective
protonation to its more reactive enolate moiety7,8 to give4 (El
) H in Scheme 2). Then the resulting alkenyltitanium4
suffered further protonation to afford5a, or it underwent the

intramolecular nucleophilic acyl substitution reaction to give
6a, both of which competed with each other under the workup
conditions. In order to suppress the second proton delivery to
4, we tried to terminate the reaction with a limited amount of
the proton source (1.1 equiv ofs-BuOH to 2), which, in fact,
led to a selective formation of the ketone6auniformly in good
yields (80% in isolation or 90% determined by1H NMR) (entry
1 in Table 1).9 Deuterolysis of the same reaction mixture with
1.1 equiv ofi-PrOD gave cleanly6b (Scheme 2 and entry 2 in
Table 1). More importantly, the electrophile is not limited to
proton (or deuterium) but also involves carbonyl compounds.
Thus, the titanabicycle3 could be trapped with a slight excess
of propionaldehyde or diethyl ketone to promote the second
ring closure as described above to give the products6c and6d
in good yields (entries 3 and 4). In all of these reactions, the
electrophiles were introduced to the convex face of the bicyclo-
[3.3.0]octene system in high selectivities.
Additional results of the cyclization of type I starting from a

variety of substrates are summarized in entries 5-10 in Table
1. 2-En-7-ynoates (7 and8) and a homologous 2-en-8-ynoate
10 underwent the same reactions to give the bicyclic ketones
in good yields (entries 5-7). The stereochemical integrity of
the olefinic portion of the starting materials2 and 7 was
completely lost in the (deuterated) products most likely through
the formation of a planar enolate form of3.10 2,7-Dienoates
behaved similarly as did 2-en-7-ynoates (entries 8-10). It
should be noted that the trapping of the titanabicycle, generated
in situ from 14, with 1.5 equiv of propionaldehyde afforded
the aldol product15b virtually as a single isomer; although the
stereochemistry of its ring junction could be determined to be
cis, that of the aldol moiety has not been assigned yet (entry
10). From the synthetic point of view, this reaction demon-
strated a one-pot preparation of an aldol of thedefined
regiochemistry. Although several transition metal-mediated
transformations involving cyclization and carbonylation of
dienes or enynes may serve for the preparation of the parent
ketone15a itself,11 further extension of a carbon chain is not
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usually possible, and even a successive aldol reaction will not
guarantee the regioselection, particularly in the case of nearly
symmetrical15a.
In contrast to the aforementioned reactions,R,â-acetylenic

esters underwent another type of cyclization (type II in Scheme
1). A 7-en-2-ynoate16afforded the normal cyclization product
18a (91%) after the reaction under the standard conditions1

followed by aqueous workup (Scheme 3). However, at a higher
temperature up to 0°C, the monocyclic18a completely
disappeared and a new product20a having an additional
cyclopropane ring (its structure was confirmed in comparison
with an authentic sample) was obtained in good yield (entry 11

in Table 1).9 The formation of the latter is most likely
rationalized as follows. The alkyl-titanium bond of the
titanacycle17, the presence of which was confirmed by the
isolation of 18b (>99% d2) after deuterolysis, attacks the
proximate terminus of the electron-deficient carbon-carbon
double bond to give the new titanium compound19, which,
upon hydrolysis, afforded the observed product20a.12 The
intermediacy of the titanium-carbene complex19a13 and/or bis-
titanated species19b14 was, in fact, verified by the treatment
of the reaction mixture with excess DCl/D2O, which gave20b
with virtually complete deuterium incorporation (>99%d2) in
place of both hydrogensR to the ester group (Table 1, entry
12).15 The intermediate19 underwent smooth alkylidenation
of diethyl ketone at around 0°C to give20c (entry 13), which
demonstrated the titanium-carbene complex-like behavior of
this bimetallic species.13 The cyclization seems to be reasonably
general so that a heteroatomic tether of the enyne moiety could
tolerate the reaction conditions to give heterocyclic compounds
(entries 14 and 15).

Supporting Information Available: Typical procedures for the
preparation of6a, 6c, 20a, and20c, physical properties of all starting
materials and products, and structural determination of several com-
pounds (14 pages). See any current masthead page for ordering and
Internet access instructions.
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Table 1. Tandem Cyclization of Bis-Unsaturated Esters and
Subsequent Reactions with Electrophilesa

a See Schemes 2 and 3.b In entries 1-10, H+ or D+ refers to 1.1
equiv of s-BuOH or i-PrOD. In entries 11-15, H+ or D+ stands for
excess aqueous 1 N HCl (or H2O in entry 14) or 1 N DCl in D2O.
c Isolated yields.d Exclusively deuterated.eWith respect to the CO-
CHCH(OH) moiety.f After dehydration of the aldol product (TsOH,
C6H6, reflux). g See text.h In the major isomer, the pentyl and acetate
side chains arecis.
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